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ABSTRACT 
This work represents a study of the production of refractory material of baddeleyite and 
corundum from Rosetta zircon. This method is based on sintering of zircon with aluminum fluoride 
in presence of graphité. The desilication of zircon with the formation of baddeleyite and corundum 
was found to take place optimally at 850 °C at 1 hour using zircon, aluminium fluoride and graphite 
mixes of ratio 1:0.8 :0.1. Also, the behaviour of zircon was studied under different sintering condi-
tions. 
INTRODUCTION 
For production of high quality refractory material of baddeleyite and corundum 
mixture (zirconium and aluminium oxides), zircon is converted into the oxide and 
then mixed with corundum. The chemical processing of zircon for production of 
zirconium oxide achieved by different methods (2, 3, 5, 8, 9, 17). These include sinter-
ing of zircon with alkali or soda and hydrometallurgical digestion with alkali solutions. 
Sintering of zircon with aluminum fluoride is a good variant for direct production of 
refractory material of zirconium and aluminum oxides. 
The fluorinating action of fluorine, fluorides and hydrogen fluoride are well 
known and the solid fluorinating agents are very important, since they have many 
advantages (6, 7, 10—12). The desilication of Rosetta zircon with aluminum fluo-
ride in presence of graphite was previously investigated by thermal analysis (1). 
The DTA curves show a sharp exothermic peak at 580 °C, representing the burning 
of graphite with little formation of aluminum silicon fluoride. The endothermic 
peak at 820 °C represents the intensive desilication of zircon with aluminum fluoride 
and the volatilization of silicon tetrafluoride. The desilication results in the formation 
of baddeleyite and corundum which are suitable as high quality refractory material 
(1, 7 - 9 , 12, 15, 17). 
This work represents a study of the behaviour of Rosetta zircon during sintering 
under different conditions and the influence of different factors acting upon sintering. 
The optimum conditions of production of this refractory material of baddeleyite and 
corundum were determined. 
EXPERIMENTAL WORK 
This research was carried out with zircon concentrate separated from the 
Egyptian black sands. Its chemical and mineralogical composition are given in 
tables (1) and (2) respectively. It is seen that the concentrate contains some mineral 
impurities with which zircon is genetically connected as rutile, monazite, garnet and 
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others. They are present as fine grains and in small quantities. Non of these mineral 
impurities was detected by X-ray analysis. Hence, no individual mineral may be pre-
sent as a major constituent and which is consistent with the mineralogical analysis 
data. 
T A B L E 1 
Chemical composition of zircon concentrate 
Chemical component Content (%) 
Zr0 2 62.73 
SiOs 32.65 
Fe 2 0 3 1.64 
Ti0 2 1.23 
Th0 2 0.05 
RE2Os 0.31 
AI2O3 1.12 
P A 0.22 
T A B L E 2 
Mineralogical composition of zircon concentrate 













Mixes of zircon concentrate, aluminum fluoride and graphite in particular 
amounts were ground in an automated agate mortar and sieving till all the powder 
pass through 0.07 mm sieve and pestle for one hour to achieve homogenity. Sintering 
experiments were carried out in platinum crucibles heated in an electrical tube furnace 
under removal of volatilized silicon tetrafluoride. The temperature is regulated auto-
matically with accuracy ±10°C. The duration of every run was considered from the 
moment of reaching the particular temperature. 
X-Ray Procedure 
The end products of zircon sintering at the optimum conditions were examined 
by X-ray powder diffraction analysis using a Siemens Crystalloflex diffractometer. 
The finely ground sintering product was mixed with sodium chloride as a standard. 
Its peaks occuring at 20=31.38° and 45.44° were used for corrections. Nickel filtered 
copper radiation was used. Exposure was one hour. Scanning speed was 1° 2 0 per 
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minute at one cm per min. chart speed. Intensities were collected to maximum 
20=65°. The sensitivity of the experiment was 4X104 impl./min and the statistical 
error is 1.5%. 
Efficiency of desilication and sintering of zircon 
The efficiency of sintering and desilication of zircon was determined by the 
amount of silica removed with respect to that in the initial zircon concentrate. The 
end product of sintering was chemically analysed for its silica content by Riley method 
and by activation analysis. 
Determination of thermodynamic constants 
Before studying the conditions of desilication of zircon with aluminum fluoride, 
an attempt was carried out for calculation of its thermodynamic constants. The 
thermodynamic data given in Table 3 were used in calculation. 
T A B L E 3 
Thermodynamic data used 
Thermodynamic function Value, Kcal/mol Reference 
Corundum (c) -378 .2 (16, 18) 
AF° Zr0 2 (c) —244.4 (13, 16) 
AF° AIF3 (c) —294.0 (14) 
JF° Si02 (c) —192.4 (13, 14) 
A¥° SiF4 (g) —360.0 (13) 
The free energy of zircon can be calculated from the following reaction: 
ZrSi04 - Zr02 + Si02 
At equilibrium conditions, 
AF°ion = AF°Zl0, + AF°Si0-AF° Z r S i 0 4 = 0 
= -244.4-192.4 - ¿ F ° Z r S ! 0 4 = 0 
AF°ZlSi0i = - 4 3 6 . 8 Kcal/mol. 
The reaction of sintering of zircon with aluminum fluoride may be represented as: 
3 ZrSi04 + 4 A1F3 - 3 Zr02 + 2 Al203 + 3 SiF4 
The standard free energy of the reaction: 
A F°reaction=3A F°Zr02 + 2 A F°Al2o3 — 3̂ 1 F°s iF4 + 3zlF°ZrSi04 -4JF°A 1 F 3 
= - 733.2 - 756.4 -1080 +1310.4 +1176 
= -2569.6+2486.4= -83.2 Kcal/mol. 
The equilibrium constant of the reaction of desilication of zircon may be calculat-




The equilibrium constant is very large and the reaction of desilication of zircon 
with aluminum fluoride may be practically considered as irreversible. 
RESULTS AND DISCUSSION 
The essential factors, which have a considerable influence on sintering of Ro-
setta zircon with aluminum fluoride in presence of graphite can be grouped as: 
1 — Influence of graphite and its amount. 
2 — Influence of the amount of aluminum fluoride. 
3 — Influence of temperature and time. 
l 0 g K = 4 . 5 7 5 X 2 9 8 = ~ 
= 0 .000733 X 8 3 2 0 0 0 = 
K = 9 . 6 8 x 1060 
1 — Influence of graphite and its amount 
For studying the influence of graphite and its amount on desilication of zircon, 
a series of experiments were carried out using zircon mixes with aluminum fluoride, 
containing different amounts of graphite at ratio of zircon: graphite = 1:0.05, 0.1, 
0.15 and 0.2, at 850 °C during 1 hour. 
From the obtained results (Fig. 1), it is shown that the desilication efficiency of 
zircon sharply increases with the amount of graphite, corresponding to ratio zircon: 
graphite = 1:0.1. Above this value, the efficiency decreases. Also, the desilication 
efficiency of zircon increases with the amount of aluminum fluoride corresponding 
to ratio of zircon: aluminium fluoride = 1:0.8 to 1:0.9. 
It is observed that the addition of graphite in a suitable amount (at ratio of 
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2 — Influence of the amount of aluminum fluoride 
For determination of the optimum amount of aluminum fluoride, at which 
complete desilication of zircon takes place, sintering was carried out using different 
amounts of aluminum fluoride corresponding to ratios of zircon: aluminum fluoride = 
1:0.6, 0.8, 0.9 and 1:1, at 850 °C during 1 hour. 
As shown in Fig. 2, the desilication of zircon sharply increases with the amount 
of aluminum fluoride at ratio of zircon: aluminum fluoride = 1:0.6 to 1:0.8. Beyond 
this value, any increase in the amount of aluminum fluoride has little effect on 
desilication of zircon. 
From the results obtained, the optimum amount of aluminum fluoride can be 
considered as amount corresponding to ratio of zircon: aluminum fluoride = 1:0.8. 
3 — Influence of temperature and time 
To study the influence of both temperature and time on desilication of zircon, 
sintering experiments were carried out at fixed amount of aluminum fluoride and 
graphite, (corresponding to ratio of zircon: aluminum fluoride: graphite = 1:0.8:0.1) 
at temperature 600°—1100 °C during 1 hour and at 850° and 900 °C for duration 
20—90 min. 
From the obtained results (Fig. 3 and^4), the following conclusions may be 
drawn: 
1. In general, as the temperature increases, the desilication efficiency of zircon 
increases with time. 
2. The sharp increase of desilication efficiency of zircon is observed as the tem-
perature increases up to 800 °C, after that the desilication of zircon gradually 
increases. Above 900 °C, the temperature has no effect on the efficiency of 
sintering. 
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3. At short time of sintering,- the desilication of zircon is low. This is due to 
• the fact that the reaction of sintering of zircon with aluminum fluoride takes 
place in solid state. This needs a long time for contact of solid reactants and 
also their preliminary complete mixing. 
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4. At 850°—900 °C, complete desilication of zircon takes place during 1 hour. 
Longer time more than 1 hour has little effect on desilication of zircon, it 
has some influence on the growth of the crystalline products of sintering, 
namely baddeleyite and corundum. 
From the results obtained, the optimum temperature, at which complete desilica-
tion of zircon occurs, can be considered as 850 °C at duration 1 hour. 
Study of the products of desilication of zircon with aluminum fluoride 
The reaction of sintering of zircon with aluminum fluoride in presence of graphite 
results in the formation of baddeleyite and corundum. 
T E M P E R A T U R E . ° C 
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From Fig. 5, it is shown that the amount of combined silica in the chemical com-
position of zircon sharply decreases in the product of sintering as the temperature 
increases. It is observed that the desilication of zircon takes place intensively above 
650 °C. Its complete desilication occurs at 850 °C, where the silicon content of the 
end product of sintering shows a minimum value. 
Formation of corundum 
The relation between the corundum content in the product of sintering and the 
temperature is shown in Fig. 5. It is observed that the amount of corundum sharply 
increases as the temperature increases from 600° to 800 °C. Above 850 °C, it reaches 
a constant value and the reaction of corundum formation takes place completely. 
Formation of baddeleyite 
Fig. 6 shows the relation between zircon content in the initial mix and baddeleyite 
content in the sintering product and temperature. The amount of zircon sharply 
decreases (opposite case, baddeleyite) at temperature range 600°—800 °C. At 850 °C, 
the amount of baddeleyite reaches a high value and there is no change of its.content 
at higher temperature. At the same time, the zircon content reaches minimum. By 
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microscopic examination of thin sections of the end product of sintering at 850 °Cf 
it is observed that only few relict zircon grains are detected. The whole mass of 
the section consists of baddeleyite and corundum. 
TEMPERATURE °C 
F i g . 6 
The product of zircon sintering with aluminum fluoride were studied microscopi-
cally. The product obtained at 650 °C consists mainly of zircon with few corundum 
and baddeleyite grains. At 700 °C, it is composed of zircon and baddeleyite-corundum 
Fig. 7. 
in approximately equal amounts. As the temperature increases, the amount of zircon 
decreases, till it reaches minimum. At 850°—900 °C, baddeleyite and corundum consti-
tute the total composition of the end product of sintering with few fine relict zircon 
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grains. Baddeleyite and corundum show simultaneous crystallisation. They have 
different crystal forms, elongated, tabular, rounded and irregular form. Corundum 
appears colourless, with very high relief, non cleavage, moderate birefringence and 
optically uniaxial negative. Some grains show striations. 
Baddeleyite appears pale yellow, with high relief, showing poor cleavage and 
optically biaxial negative. 
The grain size of the obtained refractory material depends upon temperature 
and time of sintering. At 850 °C, and 1 hour, the grain size ranges 0.05—0.15 mm. 
The X-ray diffraction patterns of the end product of sintering (Fig. 7) shows 
only the peaks of baddeleyite and corundum. They are intense and narrow, suggesting 
good crystallinity. Zircon peaks are completely disappeared, indicating its absence. 
The unit cell dimensions and constants of the artificial baddeleyite and corundum 
are given in Table 4. Baddeleyite ctystallises in monoclinic system, while corundum 
crystallises in hexagonal system. It is observed that the calculated cell dimenisons, 
constants and optic axial angles of the synthetically formed baddeleyite and corundum 
are consistent with the corresponding data of the natural minerals. 
TABLE 4 














23 5 . 2 4 5 8 
±0.0611 




4 . 7 4 2 4 
± 0 . 0 1 0 9 
4 . 7 5 1 
5 . 2 0 3 0 
± 0 . 0 7 6 9 
5 . 2 1 
4 . 7 4 2 4 
± 0 . 0 1 0 9 
4 . 7 5 1 
5 . 2 8 4 9 
± 0 . 0 7 2 2 
5 . 3 7 
1 2 . 9 8 0 7 
± 0 . 0 2 0 9 







8 0 ° 4 8 ' 
± 1 . 0 5 1 










The behaviour of zircon has been studied under different sintering conditions 
with aluminum fluoride in presence of graphite. It is found that the sintering process 
results in the production of monoclinic baddeleyite and hexagonal corundum. 
Rosetta zircon is optimally desilicated with the formation of baddeleyite at 850 °C 
and time 1 hour, using zircon mixes with aluminum fluoride and graphite at ratio 
1:0.8:0.1, respectively. Under these conditions, the efficiency of desilication of zir-
con reaches 98.8%. The end product of sintering (with silica content 0.37%) is a 
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